Ri ve r
Sea level:
In this report, "sea level" refers to the National Geodetic Vertical Datum of 1929-a geodetic datum derived from a general adjustment of the first-order level nets of the United States and Canada, formerly called Sea Level Datum of 1929.
Chemical concentration is reported only in metric units. Chemical concentration in surface water is reported in milligrams per liter (mg/L), micrograms per liter (µg/L), or nanograms per liter (ng/L). Milligrams per liter is a unit expressing the solute per unit volume (liter) of water and is about the same as parts per million unless concentrations are greater than 7,000 milligrams per liter. One thousand micrograms per liter is equivalent to 1 milligram per liter. One million nanograms per liter is equivalent to 1 milligram per liter.
Chemical concentration in sediment is reported in micrograms per gram (µ/g), which is equal to parts per million (ppm), or micrograms per kilogram (µg/kg), which is equal to parts per billion (ppb). Specific conductance is reported in microsiemens per centimeter at 25 degrees Celsius (µS/cm).
ABSTRACT
The spatial distribution of metals in streambed sediment and surface water of Silver Creek, McLeod Creek, Kimball Creek, Spring Creek, and part of the Weber River, near Park City, Utah, was examined. From the mid-1800s through the 1970s, this region was extensively mined for silver and lead ores. Although some remediation has occurred, residual deposits of tailing wastes remain in place along large sections of Silver Creek. These tailings are the most likely source of metals to this system. Bed sediment samples were collected in 1998, 1999, and 2000 and analyzed using two extraction techniques: a total extraction that completely dissolves all forms of metals in minerals and trace elements associated with the sediment; and a weak-acid extraction that extracts the metals and trace elements that are only weakly adsorbed onto the sediment surface. This latter method is used to determine the more biologically relevant fraction of metal complexed onto the sediment. Water samples were collected in March and August 2000 and were analyzed for total and dissolved trace metals.
Concentrations of silver, cadmium, copper, lead, mercury, and zinc in the streambed sediment of Silver Creek greatly exceeded background concentrations. These metals also exceeded established aquatic life criteria at most sites. In the Weber River, downstream of the confluence with Silver Creek, concentrations of cadmium, lead, zinc, and total mercury in streambed sediment also exceeded aquatic life guidelines, however, concentrations of metals in streambed sediment of McLeod and Kimball Creeks were lower than Silver Creek. Water-column concentrations of zinc, total mercury, and methylmercury in Silver Creek were high relative to unimpacted sites, and exceeded water quality criteria for the protection of aquatic organisms. Qualitative measurements of the macroinvertebrate community in Silver Creek were compared to the spatial distribution of metals in streambed sediment. The data indicate that impairment related to metal concentration exists in Silver Creek.
INTRODUCTION
The National Water-Quality Assessment (NAWQA) Program of the U.S. Geological Survey (USGS) is designed to assess water-quality conditions, determine spatial and temporal trends, and identify the physical, chemical, and biological factors affecting surface and ground waters of the United States (Gilliom and others, 1995) . The Great Salt Lake Basins study unit ( fig. 1 ) is 1 of 51 study units that are included in this national program. Each study unit addresses questions that balance local, regional, and national interests, and uses consistent sampling protocols. The NAWQA Program is designed to be interdisciplinary in nature by combining chemical, physical, and biological data to reach specific goals. An important component to this approach is the spatial and temporal distribution of metals and organic contaminants in freshwater aquatic environments, including surface and ground water, streambed sediment, and resident biota. Coordinated sampling efforts, which include a combination of these disciplines, allow for a well-integrated assessment of water-quality conditions.
Mining activities since the mid-1800s have greatly accelerated metal cycling in aquatic systems. Although naturally enriched ore bodies can contribute relatively minor loadings to these systems, anthropogenic activities such as the extraction and processing of metals can introduce highly enriched material to surrounding water bodies (Moore and Luoma, 1990; Axtmann and Luoma, 1991 interfere with physiological processes. Non-essential metals such as cadmium, lead, mercury, and silver also can accumulate in the tissues of aquatic organisms and cause adverse biological impacts in aquatic organisms (Lau and others, 1998) . Historic mining activities in the vicinity of Park City, Utah, have greatly impacted Silver Creek, a tributary to the Weber River in northern Utah. Park City was founded as a mining town in the mid-1800s, when large deposits of lead and silver were discovered in the nearby mountains. For the next 100 years, silver, lead, and other minor minerals were mined and processed in the Park City area. By the late 1970s, mining activities began to decrease as the ski industry surpassed mining in economic importance. Since then, Park City has grown into a recreationally based urban area.
Previous studies identify impacts to Silver Creek from historic mining activities (Mason, 1989) , raw sewage discharge (Smith, 1959) , and potential urban growth impacts (Brooks and others, 1998) . The groundand surface-water hydrology of the area are described by Holmes and others (1986) , and Brooks and others (1998) . Adjacent watersheds of McLeod Creek, Kimball Creek, and Spring Creek have also been affected by mining and urban activities, although the relative impacts are not well defined. These creeks are tributaries of the Weber River, an important river for recreation and water supply.
Purpose and Scope
The Weber River at Coalville was sampled in 1998 as part of a study-unit wide assessment of metals in bed sediment and tissue. Concentrations of some metals were higher in sediments from this site than other sites sampled in the study unit. The upstream drainage of Silver Creek was suspected as a source because of the known historic mining in the area. Further sediment sampling in 1999 on the Weber River and Silver Creek was conducted by using a multi-acid digestion that extracts all forms of metals in minerals and trace elements associated with the sediment. Results from that sampling indicated substantial streambed sediment contamination in Silver Creek, and a synoptic study was undertaken in 2000, which used a second method of analysis to further assess the degree of risk to biological organisms.
In 2000, a synoptic approach was employed to examine the occurrence and spatial distribution of metals in bed sediment and surface water of streams near the Park City area. Included were sites on Silver Creek, McLeod Creek, Kimball Creek, and part of the Weber River. Streambed sediment samples were collected and this time analyzed by using a weak-acid digestion, which extracts the metals and trace elements that are more loosely bound to the sediment surface and thus have a higher potential to be bioavailable to aquatic organisms. Surface-water samples were collected during spring and summer low-flow periods to assess the distribution of metals during two seasons. Mercury, which appeared to be a metal of concern, was analyzed by using low-level detection limits at a subset of sites. Metal concentrations were evaluated by comparing with established toxicity guidelines for aquatic life. In addition, bioassessment samples of the aquatic macroinvertebrate community were collected to examine potential impairment.
Description of Study Area
Park City, Utah, is situated at an altitude of about 6,100 feet about 30 miles southeast of Salt Lake City, and the surrounding Wasatch Mountains rise to more than 10,000 feet ( fig. 1) Silver Creek, on the east side of the divide, originates as snowmelt runoff from mountains to the south of Park City; however, much of the runoff in the upper drainage seeps into the subsurface prior to reaching the stream channel (Brooks and others, 1998) . Additional ground water is diverted into upper Silver Creek from the Judge mine-drain tunnel during part of the year, and flow increases downstream as a result of inputs from the Pace-Homer Ditch, a repository for ground-water discharge and surface runoff from surrounding land-use operations.
Land Use
Mining in the Park City district began in 1869 for lead, silver, and zinc ore and continued until 1978. Galena (lead sulfide) and sphalerite (zinc sulfide) are the principal ores of the Park City district. Both of these ores are found near igneous intrusions in the bedrock of the district. Silver is often found in association with pyrite and galena (Boutwell, 1912) .
The Silver King mine, located near the headwaters of Silver Creek, was one of the largest and longest operating mines in the area ( fig. 2) . Throughout the mining era, ground-water flooding of the mines was a continuous problem, and it was not uncommon for ore veins to be abandoned because of flooding. To relieve some of the great underground flow, tunnels were specifically dug to dewater the Ontario, Silver King, and Daly-Judge mines, but costly pumping of ground water from the mine was still necessary (Thompson and Fraser, 1993) .
Water from the mining tunnels has been reclaimed for other uses. Beginning in the late 19 th century, water from the Ontario tunnel was collected and used to generate electricity for Park City and the Ontario mill. Water from the Judge tunnel was used both for domestic supply and at the Silver King plant since 1904 (Boutwell, 1912) . Currently, ground water from the Spiro and Judge tunnels is used as a public water supply for Park City (Jerry Gibbs, Park City Public Works, oral commun., 2001).
The hundred-plus years of mining have affected the water in the Park City area in many ways. Wood was the primary building and fuel source (Thompson and Fraser, 1993) , and the resulting deforestation caused sediment to easily move into the streams. Raw sewage from the growing mining town of Park City was disposed of in Silver Creek until passage of the Clean Water Act in 1972 (Smith, 1959) . Milling processes in the Park City area left waste-rock and tailings piles, which have eroded and leached metals into the streams. Mercury, which was used for a short time in processing the ore, has also contaminated land in the study area (Boutwell, 1912) .
Tailings piles still exist in many areas of the Silver Creek drainage ( fig. 3) . A large pile adjacent to Sil- ver Creek (Prospector Square) was capped as a mitigation measure to cease or slow the leaching of metals into the creek and to allow real estate development. However, uncapped tailings still exist along the south side of Silver Creek (the Silver Maple claims) where it parallels U.S. Highway 248.
In the late 20 th century, real estate development occurred on a large scale. Erosion of sediment associated with construction is one of the largest impacts from the rapid growth of the Park City area. Many of the residential developments are on the sites of older tailings piles. As the Park City area continues to grow, waterquality impacts resulting from urban runoff and increased water withdrawals are likely to increase.
Selected Stream Sites
Ten sites in the Park City area were sampled for streambed sediment, surface water, and biota in 1998-2000 (table 1, fig. 1 ). Not all types of samples were collected at each site, but the largest data set exists for eight sites sampled in 2000 (table 2) C r e e k C r e e k C r e e k S i l v e r S i l v e r S i l v e r P a c e P a c e P a c e Prospector Prospector Prospector Square Square Square S p i r o T u n n e l S p i r o T u n n e l S p i r o T u n n e l C a n y o n C a n y o n C a n y o n sampled in 2000 are on Silver Creek, one site is on the Weber River, and three sites are on other drainages in the Park City area. Two additional sites were sampled on the Weber River in 1999. One site on the Weber River was sampled both in 1998 and 2000.
T h a y n e s T h a y n e s T h a y n e s
Silver Creek at Bonanza Drive (site 1) is the farthest upstream site sampled on Silver Creek ( fig. 1 , table 1). This site is located near the center of Park City in a commercial area, and the creek above this point receives storm-water runoff from the older urban area of Park City. Most of the historic mining activities took place upstream of this site, in the mountains surrounding Park City.
Silver Creek above Richardson Flat (site 2) is about 2 miles downstream from site 1. In the reach between sites 1 and 2, Silver Creek flows past Prospector Square, a mine-tailings deposit. This deposit was reworked to extract additional silver in the 1940s, and most of the tailings were capped with 6 to 10 inches of soil, prior to being developed into a residential area (Mason, 1989) . After flowing through Prospector Square, Silver Creek enters a short, narrow canyon. The south side of this canyon is lined with uncovered, finegrained mill tailings (Silver Maple claims). Site 2 is located at the base of this canyon.
Silver Creek near Atkinson (site 3) is about 3.5 miles downstream from site 2. In the reach between sites 2 and 3, Silver Creek flows past another large tailings area (Richardson Flat) and enters an open, shallow-gradient meadow. About 0.5 mile upstream of site 3, water is discharged from a waste-water treatment plant.
Downstream from site 3, Silver Creek flows through a relatively high-gradient canyon for about 5 miles to the final site on Silver Creek, Silver Creek at Wanship (site 4), before it discharges into the Weber River. Land use upstream from this site consists of grazing and irrigated hay-lands, with some residential development in the town of Wanship.
Silver Creek enters the Weber River about 2 miles downstream from Rockport Reservoir. Site 5 (Weber River near Wanship) is between Rockport Reservoir and the confluence of Silver Creek. Because most sediment that enters the Weber River upstream of the reservoir is trapped, site 5 serves as a reference site for evaluating the effects of Silver Creek on the downstream reach of the Weber River. Two downstream sites on the Weber River (sites 6 and 7) can be compared with site 5. Site 6 (Weber River northeast of Wanship) is about 0.5 mile downstream of the Silver Creek confluence and site 7 (Weber River at Coalville) is about 8 miles downstream. The flow of the Weber River is about two orders of magnitude greater than that of Silver Creek. At the time of sampling in August 2000, the discharge of the Weber River was 170 cubic feet per second, and that of Silver Creek was 2 cubic feet per second. So, inflows from Silver Creek are subjected to considerable dilution in the downstream reaches of the Weber River.
Historic mining activities took place in the upper drainage of East Canyon Creek, but large tailings deposits did not remain. A limited evaluation using selected tributaries was made at sites 8, 9, and 10 on McLeod, Kimball, and Spring Creeks, respectively. 
METHODS OF SAMPLE COLLECTION AND ANALYSIS Streambed Sediment
In the summer of 1999, two sites (sites 2 and 4) were sampled in Silver Creek, and two sites (sites 5 and 6) were sampled along the Weber River (table 2) . These samples were analyzed for 42 total recoverable metals by using a multi-acid digestion (Briggs and Meier, 1999) . This method provides a total extraction of metals, including silicate-bound metals, and is the method that was used at the Weber River at Coalville (site 7) in 1998. The top inch of sediments was composited from five depositional areas of the stream, according to the methods of Shelton and Capel (1994) . Composite samples were wet-sieved with ambient stream water by using 63-µm nylon mesh sieves. Reported values represent the analysis of the fine-grained (<63 µm), composited material.
In July 2000, sediment samples were collected from four sites on Silver Creek, one site on the Weber River, and one site each on Kimball and McLeod Creeks (table 2). These samples were analyzed for partially extractable metals by using a 5-percent (0.6N) hydrochloric acid digestion (Hornberger and others, 1999) . Metals analyzed with this procedure (weak-acid extraction) included silver, cadmium, chromium, copper, iron, manganese, nickel, lead, and zinc. This method extracts the most easily mobilized metal from the sediment surface, which has the potential for exposure to and uptake by resident biota. Metals extracted with this method have been shown to correspond to bioaccumulation in resident aquatic organisms (Luoma and others, 1995) . At each site, three separate samples were collected from the surface of three depositional areas by using methods described in Dodge and others (2000) . Samples were wet-sieved to 63 µm with ambient river water. The three samples were analyzed individually, and reported values represent the mean and standard deviation of the individual replicates.
Because trace elements are disproportionately associated with different particle sizes, the particle-size distribution of a bulk sample can greatly influence metal concentrations of that sample (Salomons and Forstner, 1984) . Sieving bed-sediment samples to a common size class of particles allows comparisons of metal concentrations to be standardized among sites and reduces potential biases that could distort interpretations of the spatial distribution in metal concentration. The interpretation of sieved sediment is also more biologically relevant because fine particles are often trapped within the matrix of periphyton and filamentous algae, part of the microhabitat of many insect species. Fine-grained sediment concentrations have correlated significantly to metal concentrations in benthic insects and are a useful indicator of the metal exposure to the biota (Cain and others, 1992) .
In October 1998 or July 2000, sediments at sites 1, 2, and 3 on Silver Creek and site 7 on the Weber River were collected for mercury analysis (table 2) . A composite sample of surficial sediments from three depositional areas of the stream was sieved to 63 µm and analyzed for total mercury and methylmercury. Laboratory methods for total mercury followed U.S. Environmental Protection Agency (EPA) method 1631: Mercury in Water by Oxidation, Purge and Trap, and Cold Vapor Atomic Fluorescence Spectrometry (CVAFS). Sediment samples were digested with nitric and sulfuric acid, and oxidized with bromium chloride, then analyzed according to method 1631. Laboratory methods for methylmercury followed EPA draft method 1630: Methyl Mercury in Water by Distillation, Aqueous Ethylation, Purge and Trap, and CVAFS, with minor modifications. Sediment samples for methylmercury were digested with a mixture of potassium chloride, sulfuric acid, and copper sulfate before being analyzed with method 1630. Field and laboratory methods are described in Olson and DeWild (1999) .
To assess the biological relevance of the sediment data, the weak-acid extraction sediment concentrations were compared to sediment screening values used by the National Oceanic and Atmospheric Administration (NOAA), as reported in Buchman (1999) . Although these screening values identify contaminants that pose a threat to aquatic organisms in a freshwater system, they do not represent official policy or clean-up levels. For sediments, multiple screening values are available, and each metal may not have the same type of screening value. In this report, the authors primarily use the Threshold Effects Levels (TEL) and Probable Effects Levels (PEL) when available. These criteria are based on field data that develop associations between chemical concentrations and biological effects, as well as laboratory toxicity test results (Smith and others, 1996) . The TEL is a conservative screening value, below which concentrations of contaminants have not been shown to cause an effect on aquatic organisms. The PEL is a screening value above which toxic effects are likely to occur, and compounds that exceed it are more probably elevated to toxic levels.
In the case of silver, TEL and PEL values are not available. Instead, the authors use two screening values. The Effects Range-Median (ERM) is the median concentration of sediments reported to have toxic effects (Long and Morgan, 1991) . Like the PEL, it is a screening value above which toxic effects are likely to occur. The Upper Effects Threshold (UET) is determined by relating chemical concentrations in sediments to biological impacts and represents a screening value above which adverse effects would always be expected by the biological indicator used in its development. These screening values provide tools to assess which metals exceed established aquatic life criteria at the sampled sites.
Surface Water
Water samples were collected in March and August 2000 from seven sites in the Park City area and analyzed for dissolved and total trace elements (table 2). During each of these periods, a synoptic approach to sampling was taken, in which the sites were sampled in a short period of time. By minimizing the period of time to sample the sites, an assessment can be made of the spatial distribution of metals and other water-quality parameters in the water column. The two periods selected represent the low flow condition before and after spring runoff.
Four of the sampled sites are located on Silver Creek (sites 1-4), one is located on the Weber River, downstream from the confluence of Silver Creek (site 7), and one site each is on McLeod Creek (site 8) and Spring Creek (site 10) ( fig. 1 ). Methods of collection followed NAWQA Program guidelines for sampling water using parts per billion (ppb) detection limits (Shelton, 1994) . Water samples were analyzed for 22 dissolved trace elements, 21 total trace elements, and isotopes of oxygen, deuterium, and sulfur at the USGS National Water Quality Laboratory, Denver, Colorado. Water from three sites was also analyzed for unfiltered (total) and methylmercury in August 2000, and one site was analyzed in October 1998. Mercury samples were analyzed by using EPA method 1631: Mercury in Water by Oxidation, Purge and Trap, and CVAFS, and EPA draft method 1630: Methyl Mercury in Water by Distillation, Aqueous Ethylation, Purge and Trap, and CVAFS, as detailed in Olson and DeWild (1999) .
Metal concentrations in surface water were compared with EPA Ambient Water Quality Criteria (AWQC) for aquatic organisms. These criteria are rules developed to provide protection for aquatic organisms and are used by the States to develop water-quality standards (U.S. Environmental Protection Agency, 1999). Concentrations that exceed the AWQC could be in violation of State water-quality standards and pose a threat to the health of aquatic organisms.
Aquatic Macroinvertebrate Communities
Qualitative macroinvertebrate samples were collected from sites 2, 3, and 4 in Silver Creek and sites 8 and 9 on McLeod and Kimball Creeks (respectively) in August 2000 (table 2). Methods followed standard NAWQA protocols reported in Cuffney and others (1993) . The objective of the sampling was to obtain as complete a list of invertebrate taxa in a sampling reach as possible by sampling multiple habitat types. A Dframe kick net with a 210-µm mesh was used to collect the samples. Taxonomic identification was conducted by the USGS National Water Quality Laboratory Biological Unit. Taxa were identified to the lowest taxa group possible but were not enumerated.
Several invertebrate metrics were calculated to assess the relative health of the stream sites. Taxa richness, or the number of distinct taxa collected, is a common measure representing the diversity of a macroinvertebrate sample. Increasing diversity correlates with increasing health of the assemblage and indicates that niche space, habitat, and food source, as well as water quality, are adequate to support survival and propagation of many species (Barbour and others, 1999) . A second common richness metric is the percentage of distinct taxa belonging to the orders of Ephemeroptera, Plecoptera, and Trichoptera (% EPT). These aquatic insect orders are sensitive to perturbation and generally decline in relative importance as health of the assemblage declines (Barbour and others, 1999) . The third metric calculated was the percentage of intolerant taxa. Tolerance values are generally non-specific to the type of stressor but represent general sensitivity of an organism to perturbation. Each taxa is classified on a scale from 0 to 10, zero representing an extremely sensitive organism, and ten representing an organism tolerant to many types of perturbation. Tolerance values used here were developed in Idaho and are listed by Barbour and others (1999) . Intolerant taxa for this report are considered to be those taxa with tolerance values of 3 or less.
To compare macroinvertebrate metrics to metals concentrations at the selected sites, a metals index was calculated. Concentrations µg/g) of weak-acid extracted silver, cadmium, copper, manganese, lead, and zinc in sediments were standardized for the selected sites on a scale from 0 to 10 as follows: (1) where: N = number of metals in the index, X i = concentration of one of the N metals at a site, X imax = maximum concentration of the metal observed at all sites.
Because the index number represents the relative concentration of these six metals at the five selected sites, the site with the highest concentrations of these metals has the highest index number.
TRACE-METAL CONCENTRATION IN STRE-AMBED SEDIMENT Spatial Distribution of Streambed Sediment Concentrations
Sediment samples collected in 1999 (total extraction) and 2000 (weak-acid extraction) from Silver Creek and the adjacent drainages were examined for trends in concentration from upstream to downstream sites (appendixes A and B). In general, metal concentrations from the weak-acid extraction at site 1 (Silver Creek at Bonanza Drive) were approximately half that of sites 2 and 3 ( fig. 4) . Concentrations of silver at this site were highly variable (1.5 µg/g ± 1.7), but other metals, such as cadmium (20.3 µg/g ± 0.9), copper (112 µg/g ± 21), lead (922 µg/g ± 176), and zinc (2,893 µg/g ± 121), did not exhibit such high variability.
Sites 2 and 3 (Silver Creek above Richardson Flat and Silver Creek at Atkinson), in the middle reach of Silver Creek, had similar concentrations of cadmium (40 and 36 µg/g, respectively), copper (447 and 509 µg/g, respectively), lead (6,832 and 6,915 µg/g, respectively), and zinc (6,198 and 6,714 µg/g, respectively) . Variability among replicate measures for these metals was less than 36 percent (fig. 4) . However, there is a high degree of variability in replicate measures of silver concentrations at both site 2 (6.8 µg/g + 6.6) and site 3 (16.7 µg/g + 10.9). The spatial heterogeneity of silver within a site indicates that the sediment is strongly influenced by localized inputs from mine tailings.
Concentrations of metals at site 4 displayed one of two patterns: 1) a sharp decrease in concentration, relative to the upstream sites, as shown with silver and copper, or 2) very little change from concentrations measured in the upstream reach, as shown for cadmium, lead, and zinc ( fig. 4) . The disparity in these trends indicates that the spatial pattern is metal specific, controlled by geochemical and/or physical processes.
Metal concentrations at the Weber River at Coalville (site 7) were typically lower than those at the Silver Creek sites, indicating that the sediments are diluted by cleaner sediments. Concentrations were: cadmium (6.4 µg/g ± 0.7), lead (739 µg/g ± 70), and zinc (1,724 µg/g ± 156). Concentrations of cadmium, copper, lead, silver, and zinc were all lower at McLeod Creek (site 8) than at the Weber River at Coalville (site 7), and concentrations of cadmium, copper, lead, and zinc were lower at Kimball Creek (site 9) than McLeod Creek.
As expected, concentrations of metals from the total extraction were consistently higher than concentrations from the weak-acid extraction (appendixes A and B). As with the weak-acid extraction, sediment analyzed in 1999 with the total extraction had the highest concentrations at site 2, near the headwaters (Silver Creek above Richardson Flat), and lower concentrations at site 4 (Silver Creek at Wanship) ( fig. 4) . Concentrations (total extraction) of arsenic, cadmium, copper, lead, manganese, mercury, selenium, silver, and zinc at site 2 are substantially elevated relative to concentrations at site 5, the reference site. However, metal concentrations at site 4 (Silver Creek at Wanship) were typically 50 to 75 percent lower than values measured at site 2 (Silver Creek above Richardson Flat) (fig. 4) .
Three sites in the Weber River were analyzed by using the total extraction (table 2, appendix B). The Weber River near Wanship (site 5) is about 1.5 miles upstream of the confluence of Silver Creek. This site is not impacted by historic mining activities and concentrations of silver, arsenic, cadmium, copper, mercury, lead, and zinc are close to background concentrations reported by Buchman (1999) . These background concentrations are compiled from a variety of sources but primarily are from the International Joint Commission (1988) . At the Weber River northeast of Wanship (site 6) and Weber River at Coalville (site 7), concentrations of most metals are substantially higher than those reported for the Weber River near Wanship.
Relation Between Enrichment and Source
For those elements that are enriched above background levels, the concentration generally increases from site 1 (Silver Creek at Bonanza Drive) to site 2 (Silver Creek above Richardson Flat) and remains similar downstream to site 3 (Silver Creek at Atkinson). Because of the close proximity between tailing sources and the flow path of Silver Creek, inputs from the tail- ing deposits are the most likely source of metals to this reach. Although the Prospector Square tailings, between sites 1 and 2, have been treated and capped, some of the enriched riverbank deposits may have been mobilized by natural stream processes (such as slumping and scouring). Additionally, mill tailings at the Silver Maple claims have never been treated and remained fully exposed as late as 1990. This would provide a direct source from the contaminated floodplain and banks into the stream channel. Richardson Flat tailings deposits, between sites 2 and 3, were not treated but were capped in the late 1980s. With distance downstream from the sources, the concentration of metals in Silver Creek and the Weber River is diluted by uncontaminated sediments. However, the ratio of total metal concentrations for arsenic, cadmium, lead, and zinc is similar at the two sites on Silver Creek (sites 2 and 4) and the two sites on the Weber River below Silver Creek (sites 6 and 7), but differs for the site on the Weber River above Silver Creek (site 5) ( fig. 5 ). This indicates a common source of metals to sites 2, 4, 6, and 7.
McLeod and Kimball Creeks drain out of the Park City area and also have many abandoned mine sites in their headwaters. However, unlike Silver Creek, they do not flow past large tailings deposits. Although somewhat elevated, weak-extractable metal concentrations in sediments at these sites were considerably lower than those at the sites in the Silver Creek Drainage ( fig. 4) .
Enrichment Relative to Aquatic Life Criteria
The metal concentrations obtained from the weak-acid extraction can be useful for comparison to aquatic threshold guidelines because they represent the concentration of metals potentially available for uptake by aquatic organisms. Weak-acid extraction metal concentrations in Silver Creek exceeded established threshold guidelines (Long and Morgan, 1991; Long and others, 1995; Buchman, 1999) for silver, cadmium, copper, manganese, lead, and zinc ( fig. 4) . The Weber River at Coalville, as well as McLeod and Kimball Creeks, showed exceedences for at least some of these . Weight ratios of arsenic/lead (As/Pb), cadmium/arsenic (Cd/As), and arsenic/zinc (As/Zn) in streambed sediments for selected sites near Park City, Utah, 1999. All data used were total extraction concentrations.
metals. All metal concentrations in Silver Creek show substantial enrichment relative to McLeod and Kimball Creeks (fig. 4).
Silver concentrations in bed sediment exceed either the Upper Effects Threshold (UET) of 4.5 µg/g (Buchman, 1999) or the Effects Range Median (ERM) of 1.0 µg/g (Long and others, 1995) at three sites in Silver Creek. Silver concentrations at site 1 (Silver Creek at Bonanza Drive) exceed the ERM, with a value of 1.5 µg/g, but fall below the UET. Concentrations at sites 2 and 3 (6.8 µg/g and 16.7 µg/g respectively) exceed both the ERM, by a factor of 6 to 16 fold, and the UET, by a factor of 1.5 to 4 fold ( fig. 4 and appendix A) . All other sites sampled do not exceed the sediment quality guidelines and range from 0.1 to 0.3 µg/g.
Concentrations of cadmium, lead, and zinc in Silver Creek were all highly enriched relative to the aquatic life guidelines (fig. 4) . Cadmium concentrations in Silver Creek were as much as ten fold higher than the Probable Effects Level (PEL) value of 3.5 µg/g. Concentrations of cadmium in the Weber River (site 7) bed sediment were two fold higher than the PEL guideline, and concentrations at McLeod and Kimball Creeks (sites 8 and 9) fell below the PEL. Concentrations of lead in Silver Creek ranged from 922 to 6,915 µg/g, 10 to 75 fold higher than the PEL of 91 µg/g (fig. 4 , appendix A). Both the Weber River at Coalville (site 7) and McLeod Creek (site 8) also showed evidence of elevated lead concentrations (739 µg/g and 197 µg/g, respectively). Kimball Creek (site 9) had the lowest lead values, with a mean of 63 µg/g. All samples collected exceeded the Threshold Effects Level (TEL) for both cadmium (0.6 µg/g) and lead (35 µg/g).
Zinc concentrations in Silver Creek were enriched 9 to 20 fold when compared to the PEL of 315 µg/g. Concentrations ranged from 1,000 to 6,000 µg/g at the Silver Creek sites, the Weber River and McLeod Creek. Kimball Creek (site 9) had a lower concentration but still exceeded the PEL (347 µg/g) ( fig. 4) . Copper concentrations were elevated above the PEL (197 µg/g) at only sites 2 and 3 in Silver Creek (450 to 510 µg/g). However, concentrations exceeded the TEL (35.7 µg/g) at all sites in Silver Creek and at the Weber River at Coalville.
TRACE-METAL CONCENTRATION IN SUR-FACE WATER Dissolved and Total Metal Concentrations
Total and dissolved metals concentrations are reported in appendix C. Sixty-five to 90 percent of total zinc concentrations are comprised of dissolved zinc, and 75-95 percent of total arsenic concentrations are dissolved except for Silver Creek above Richardson Flat. At this site, total arsenic concentration is almost twice that of the dissolved concentration. At neutral pH, as in Silver Creek, most of the zinc and arsenic is expected to be in the dissolved phase. Total lead concentrations are much higher than dissolved concentrations (4 to 34 percent dissolved). The highest concentration of total lead is at Silver Creek above Richardson Flat, and only 4.3 percent of the total concentration is dissolved. This large difference is most likely because of the chemical nature of lead, which can readily adsorb to iron solids in the water at neutral pH. It is common to find lead mostly present in the solid phase instead of the dissolved phase, except at a very low pH (Smith, 1999) .
Loads of Metals
Water column samples were collected during March 10-14, 2000, and August 16-21, 2000. Flow conditions were steady low flow during both of these periods, although rain was noted immediately preceding the August sampling period. Computations of selected metal loads indicate a possible increase in downstream loading of arsenic and lead in both March and August (table 3). The March sampling was conducted over several days, so results are not conclusive. However, in August, sites 1 to 3 were all sampled on the same day, so loads are most likely attributed to sources along the stream, rather than temporal variation. At these three sites, discharge increases along with the concentration of arsenic, copper, and lead. Concentration and load of zinc is highest at site 2, which could indicate a different source for these metals in the water column along the stream. These data indicate that there are multiple sources of metals to the water column along Silver Creek. A more detailed synoptic sampling could fully identify and quantify the location of sources of metals to the water column.
Relation of Water Quality to Toxicity Limits
Comparisons with water-quality criteria can be useful in evaluating measured values in a field setting ( fig. 6) 
Isotopic Analysis
Oxygen and hydrogen isotope data were collected in this study to assist in determination of sources of water to Silver Creek. Isotopes of oxygen and hydrogen differ from other elements in the number of neutrons and protons in their molecular structure. Certain isotopes are stable and readily found in nature and are expressed as a ratio of the isotope to the element. The most common isotope ratios studied in natural environments are oxygen-18/oxygen-16 and hydrogen-2 (deuterium)/hydrogen-1 (Mazor, 1991) . Precipitation and the amount of subsequent evaporation creates different ratios of oxygen and hydrogen isotopes in the originally precipitated water and the remaining evaporated water (Mazor, 1991) .
Isotopic values are expressed in the del (δ) notation as permil differences between the sample and a standard. With oxygen, for example, δ Likewise, δ 2 D is the same calculation using the isotope ratio of 2 D/ 1 H (deuterium/hydrogen). The comparative standard for oxygen and hydrogen isotopes is standard mean ocean water.
Most of the values for δ 2 D and δ 18 O at surfacewater sites in the study area plot close to the global meteoric (average precipitation) water line, indicating that no significant evaporative or geochemical processes have changed the δ 2 D and δ
18
O values ( fig. 7) . Values from Silver Creek at Bonanza Drive (site 1) and above Richardson Flat (site 2) appear to deviate slightly from the global meteoric water line. Values of δ 2 D and δ
O for McLeod Creek (site 8) are the lightest (least enriched) of the samples collected, similar to the value reported by Mayo and others (1992) for the Spiro Tunnel. This could indicate that the water in McLeod Creek is similar to the water from the Spiro Tunnel. However, considering the limited amount of data available, it is not possible to identify the sources of water to the reaches of the stream (table 4) .
MERCURY CONCENTRATION IN STREAMBED SEDIMENT AND SURFACE WATER
Mercury was used from the 1880s to early 1900s to process lead and silver ores in the Park City district (Boutwell, 1912) . Elemental mercury is the primary form associated with natural ore deposits and mining sources and is not readily bioavailable. However, sulfate-reducing bacteria can transform inorganic mercury to methylmercury, a form readily available for biological uptake. Mercury concentration has been shown to increase in organisms at higher trophic levels and thus is considered to biomagnify in the food chain (Eisler, 1987) . Because of this biomagnification, even small amounts of methylmercury in the environment can be harmful to aquatic biota, fish-eating wildlife, and humans. Environmental factors such as the extent of wetlands, concentration and form of sulfate, dissolved organic carbon, and pH of the water are important factors that control the amount of methylation of mercury in the environment (Krabbenhoft and others, 1999) . Silver Creek flows through a large wetland area downstream of Richardson Flat, and oxidation of sulfide ores from tailings piles provide adequate sulfate. These conditions make it likely that mercury methylation is occurring. Total mercury concentration in unfiltered surface water at the three sampled Silver Creek sites (sites 1-3) ranged from 31 to 160 ng/L during July 2000. At the Weber River at Coalville (site 7), the concentration was 22 ng/L in October 1998 (table 5) . Total mercury concentration in sieved sediments (< 63 µm) in Silver Creek ranged from 6,500 to 27,750 µg/kg (dry weight), and in the Weber River at Coalville was 1,041 µg/kg. These values exceed established aquatic life standards. The EPA freshwater chronic criterion for total mercury is 12 ng/L, and the PEL for total mercury in sediment is 486 µg/kg (National Irrigation Water Quality Program, 1998) .
Methylmercury values in Silver Creek and the Weber River are less than 0.6 percent of the total mercury values. While the amount of total mercury available determines the amount of potential methylmercury production, as total mercury concentration increases, the amount of methylation stabilizes (Krabbenhoft and others, 1999) . Methylmercury values in Silver Creek (sites 1-3) during July 2000 ranged from 0.06 to 0.39 ng/L in water and 6.4 to 25.8 µg/kg in sieved sediments (table 5) . At the Weber River at Coalville (site 7) during October 1998, methylmercury concentration in water was 0.10 ng/L and in sediments was 4.0 µg/kg. EPA has established criteria for the protection of fish-eating wildlife at 0.05 ng/L methylmercury in water (National Irrigation Water Quality Program, 1998). Samples collected at sites 2 (Silver Creek above Richardson Flat), 3 (Silver Creek at Atkinson), and 7 (Weber River at Coalville) exceeded this guideline. The sample from Silver Creek at Bonanza had concentrations near the threshold value. No protection criteria have been established for methylmercury in sediments. Although these samples are few in number, they indicate that there is a potential risk for mercury exposure to terrestrial and aquatic organisms at these sites.
Total Mercury and Methylmercury
Because many factors are involved in the methylation of mercury, it is difficult to predict the amount of methylmercury (MHg) from the total mercury (THg) concentration, especially at very high total mercury values, as measured in Silver Creek. In streambed sediments of Silver Creek, total mercury increases from sites 1 to 3 but decreases substantially in the Weber River at Coalville (site 7) ( fig. 8a ). All four sites exceeded the PEL guideline of 486 µg/kg total mercury in sediments. However methylmercury values do not follow a similar longitudinal trend. Methylmercury concentration drops from site 1 to site 2, increases again at site 3, and drops again at site 7 ( fig. 8a) . The concentration of methylmercury in sediments at sites 1 and 3 is very similar (25.8 µg/kg, 24.1 µg/kg) even though the concentration of total mercury in sediments at these sites is very different (6,498 µg/kg, 27,750 µg/kg). Despite a four-fold increase in total mercury concentration between sites 1 and 3, methylmercury concentration at these sites is relatively consistent. There is no established guideline for methylmercury concentration in sediments for protection of aquatic life. In water samples that were collected, total mercury and methymercury concentrations show a similar spatial pattern of concentration. Total mercury concentration in water increases from site 1 to site 2, then decreases at site 3 and 7 ( fig. 8b ). Sites 1, 2, and 3 all exceeded the total mercury chronic life standard of 12 ng/L THg. Likewise, for methylmercury in water, concentrations increase from site 1 to site 2, then decrease at sites 3 and 7. All four sites exceeded the fish-eating wildlife standard for methylmercury of 0.05 ng/L MHg. However, as with sediments, the concentration of methylmercury in water cannot be predicted from the concentration of total mercury in water. The concentration of total mercury in water at sites 1 and 3 is very similar (31.0 ng/L, 31.6 ng/L, respectively), although the concentration of methylmercury in water at the same sites is very different (0.06 ng/L, 0.18 ng/L, respectively) ( fig. 8b ).
HEALTH OF AQUATIC MACROINVERTE-BRATE COMMUNITIES
Aquatic invertebrate metrics are commonly calculated to compare communities at several sites (Barbour and others, 1999) . Metrics are a way of summarizing complex macroinvertebrate data into easy to understand measures of the community. Several calculated metrics indicate low community quality in Silver Creek (table 6) . The first metric, taxa richness, is a measure of species diversity. Taxa richness was lowest at sites 2 and 3 in Silver Creek, intermediate at site 4, and highest at McLeod Creek (site 8) and Kimball Creek (site 9). A decrease in diversity generally correlates with a decrease in the health of the macroinvertebrate assemblage (Barbour and others, 1999) . The second metric, percent EPT, is the percentage belonging to the orders Ephemeroptera (E = mayflies), Plecoptera (P = stoneflies), and Trichoptera (T = cadisflies) (EPT). These aquatic insect orders are sensitive to perturbation and generally decline in relative importance as health of the assemblage declines (Barbour and others, 1999) . In addition, Clements and others (1992) found a reduction in abundance and diversity of mayflies (Ephemer-optera) at sites contaminated by heavy metals. The percent EPT was lower at site 2 (Silver Creek above Richardson Flat) and 3 (Silver Creek at Atkinson) than at sites 4, 8, and 9, and the number of mayfly species increased from one at sites 2, 3, and 4, to 3 species at site 8, and 5 species at site 9. Both of these metrics indicate an impairment of the macroinvertebrate community in Silver Creek.
Taxa-tolerance values indicate the sensitivity of each taxa to perturbation of the stream environment (Barbour and others, 1999) . The percentage of intolerant taxa (the third metric) at sites 2 and 3 was lower than at the other three sites (sites 4, 8, and 9). Tolerance values are not specific to the type of perturbation, so a decline in intolerant (sensitive) organisms implies a degradation of the stream environment, not a specific cause of the degradation. The difference in percentage intolerant taxa between sites 8 and 9, which have similar metal concentrations, indicates that there are additional factors at work at these sites, such as differences in habitat, which were not investigated here.
Although metrics alone do not identify the cause of impairment, they consistently indicate that Silver Creek at sites 2 and 3 has a less healthy macroinvertebrate community than that of Silver Creek at site 4, McLeod Creek (site 8), and Kimball Creek (site 9). To examine the relation between these metrics and the metals concentrations at the sites, the metals index was used. The index compares the relative weak-extract concentrations of silver, cadmium, copper, manganese, lead, and zinc (the six metals that exceeded aquatic-life guidelines) in sediments at the five sites where macroinvertebrate samples were collected. The metals index was negatively correlated to both taxa richness and percent EPT (R 2 = 0.96, R 2 = 0.95, respectively) ( fig. 9 ), indicating that taxa and EPT richness declined as metals concentration increased. The percent of intolerant taxa also was related to the metals index, although not linearly ( fig. 10 ). But the two sites higher on the metals index (sites 2 and 3) appear to have substantially lower percentages of intolerant taxa than the three sites with lower concentrations. 
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SUMMARY
The Great Salt Lake Basins study unit of the National Water-Quality Assessment Program is 1 of 51 study units designed to assess water-quality conditions and trends affecting surface and ground waters of the United States. An important component to this approach is the occurrence and distribution of metals in freshwater aquatic environments. Historic mining activities in the vicinity of Park City, Utah, have greatly impacted Silver Creek, a tributary to the Weber River in Northern Utah, and the objective of this study was to examine the occurrence and spatial distribution of metals in bed sediment and surface water of streams near the Park City area.
Silver Creek is clearly affected by historic mining practices in the Park City, Utah, area. Concentrations of silver, cadmium, copper, mercury, lead, and zinc in streambed sediments for both the total and weak-acid extraction techniques are significantly elevated relative to background concentrations. Metal-enriched sediment is one probable route of exposure to aquatic organisms because they can either preferentially or incidentally ingest this material while they feed. Metal concentrations from the weak-acid extraction, a method that mobilizes the loosely associated, and thus more biologically relevant, fraction of metal in the streambed sediment, greatly exceed established aquatic life criteria guidelines. The total extraction does not differentiate between the proportion of metal associated with the mineralogical form and the proportion of metal contributed from anthropogenic activities. Therefore, the concentrations extracted using the weak-acid extraction are a more conservative estimate of metals concentrations to compare with aquatic criteria values.
Total mercury and methylmercury values in sediments and water and dissolved zinc also exceed aquatic life protection guidelines. The aquatic macroinvertebrate communities in upper Silver Creek are impaired compared to other sites in the area, with low richness and a higher percentage of tolerant taxa. These multiple lines of evidence further support the notion that the study sites in Silver Creek are severely impaired for aquatic life.
Silver Creek discharges into the Weber River, and although its flow is low relative to that of the Weber River, Silver Creek appears to have influenced the downstream reach, as evidenced by data collected at the Weber River at Coalville (site 7). Although concentrations of metals in the water column are below levels of concern at this site, concentrations of cadmium, lead, zinc, and mercury in streambed sediment remain elevated.
Eroded tailings deposited along Silver Creek and in the watershed are the most probable source of metals contamination to the stream. Several untreated and exposed tailings piles exist in the reaches between sites (Buchman, 1999) ; bold values exceed the PEL; TEL, Threshold Effects Level (Buchman, 1999) 
